Bacterial and archaeal AdoCbl producers use different strategies to salvage cobinamide ( Figure 1 ). Bacteria use a bifunctional enzyme (ATP:AdoCbi kinase, EC 2.7.1.156; GTP:AdoCbi-P guanylyltransferase, EC 2.7.7.62) to convert AdoCbi into AdoCbi-GDP via an AdoCbi-P intermediate. 7À11 Two additional reactions convert AdoCbi-GDP to AdoCbl. The first one yields AdoCbl-5 0 -P (catalyzed by AdoCbl-5 0 -P synthase, EC 2.7.8.26), and the second one yields AdoCbl (catalyzed by AdoCbl-5 0 -P phosphatase, EC 3.1.3.73). 12À15 In contrast, archaea use an amidohydrolase (EC 3.5.1.90) to convert AdoCbi into AdoCby, 16À19 which is condensed with 1-aminopropan-2-yl-phosphate yielding AdoCbi-P in a single step (catalyzed by AdoCbi-P synthase, EC 4.1.1.81). 20 As in bacteria, the next step in the archaeal pathway also involves a GTP:AdoCbi-P guanylyltransferase, but unlike the bacterial enzyme, the archaeal enzyme lacks AdoCbi kinase activity. 21 Results from early studies of the gene encoding the archaeal GTP:AdoCbi-P guanylyltransferase (CobY) established that cobY is a nonorthologous replacement of the gene encoding the bifunctional enzyme found in bacteria. 21, 22 More recently, the initial biochemical characterization of the CobY enzyme from the hyperthermophilic methanogenic archaeon Methanocaldoccocus jannaschii was reported. 23 These studies revealed that MjCobY binds GTP before AdoCbi-P, that the enzyme does not bind AdoCbi-P in the absence of GTP, that the upper ligand is important for binding the corrinoid substrate, and that the enzyme would not bind GDP, nor the GTP analogues guanosine-5 0 -[β,γ-imido]-triphosphate (GMP-PNP) and guanylyl-5 0 -[β,γ-methylene]-diphosphonate (GMP-PCP). There is no sequence similarity between the bacterial and archaeal enzymes. The bacterial enzymes show a clear sequence signature for ABSTRACT: In archaea and bacteria, the late steps in adenosylcobalamin (AdoCbl) biosynthesis are collectively known as the nucleotide loop assembly (NLA) pathway. In the archaeal and bacterial NLA pathways, two different guanylyltransferases catalyze the activation of the corrinoid. Structural and functional studies of the bifunctional bacterial guanylyltransferase that catalyze both ATP-dependent corrinoid phosphorylation and GTP-dependent guanylylation are available, but similar studies of the monofunctional archaeal enzyme that catalyzes only GTP-dependent guanylylation are not. Herein, the three-dimensional crystal structure of the guanylyltransferase (CobY) enzyme from the archaeon Methanocaldococcus jannaschii (MjCobY) in complex with GTP is reported. The model identifies the location of the active site. An extensive mutational analysis was performed, and the functionality of the variant proteins was assessed in vivo and in vitro. Substitutions of residues Gly8, Gly153, or Asn177 resulted in g94% loss of catalytic activity; thus, variant proteins failed to support AdoCbl synthesis in vivo. Results from isothermal titration calorimetry experiments showed that MjCobY G153D had 10-fold higher affinity for GTP than MjCobY WT but failed to bind the corrinoid substrate. Results from Western blot analyses suggested that the above-mentioned substitutions render the protein unstable and prone to degradation; possible explanations for the observed instability of the variants are discussed within the framework of the three-dimensional crystal structure of MjCobY G153D in complex with GTP. The fold of MjCobY is strikingly similar to that of the N-terminal domain of Mycobacterium tuberculosis GlmU (MtbGlmU), a bifunctional acetyltransferase/uridyltransferase that catalyzes the formation of uridine diphosphateÀN-acetylglucosamine (UDPÀGlcNAc).
Biochemistry ARTICLE a classic P-loop, whereas the archaeal enzymes lack this motif, which suggests a different structural architecture in both classes of protein.
Herein we report the three-dimensional crystal structure of MjCobY in complex with GTP at 2.8 Å resolution. Results from bioinformatics studies revealed striking similarities in the fold of MjCobY to the N-terminal domain of Mycobacterium tuberculosis GlmU (MtbGlmU), a bifunctional acetyltransferase/uridyltransferase, which catalyzes the formation of uridine diphosphateÀN-acetylglucosamine (UDPÀGlcNAc).
' EXPERIMENTAL PROCEDURES
Microbiological Techniques: Bacteria, Culture Media, and Growth Conditions. Bacterial strains and plasmids used in these studies are listed in Table S1 (Supporting Information). Salmonella enterica strains were cultured in nutrient broth (NB; Difco); E. coli strains were cultured in lysogeny broth (LB). 24, 25 Nocarbon essential (NCE) medium 26, 27 supplemented with glycerol (30 mM) or ethanolamine (30 mM,) MgSO 4 (1 mM,) and trace minerals 28 was used to grow cells under nutrient-defined conditions. Plasmids were maintained by the addition of ampicillin and/or chloramphenicol to rich medium at 100 and 20 μg/mL, respectively, and to minimal medium at 25 and 5 μg/mL, respectively. When added, the concentration of corrinoid [cyanocobyric acid (CNCby), dicyanocobinamide [(CN) 2 Cbi], or cyanocobalamin (CNCbl)] in the medium was 15 nM. (CN)Cby was a gift from Paul Renz (Institut f€ ur Biologische Chemie and Ernahrungswissenschaft, Universit€ at-Hohenheim, Biochemistry ARTICLE Stuttgart, Germany); (CN) 2 Cbi and CNCbl were purchased from Sigma.
Growth of Strains for Western Blot Analysis. 2 mL of nutrient broth (NB) was inoculated with isolated colonies of strains tested and grown at 37°C with shaking for ∼16 h. The overnight NB cultures were diluted 1:50 into 5 mL of NCE minimal medium, which was supplemented with glycerol (22 mM), MgSO 4 (1 mM), trace minerals, NH 4 Cl (30 mM), L-methionine (300 μM), and cyanocobyric acid (CNCby, 15 nM). Cultures were incubated for ∼20 h at 37°C with shaking. The overnight NCE cultures were normalized by calculating the volume of each culture required to make 1 mL of culture with a final OD 600 of ∼3.0. The appropriate volume of each overnight NCE culture was centrifuged, and the cell pellet was resuspended in 50 μL of Tris buffer (100 mM, pH 7.9), containing BugBuster Protein Extraction Reagent (Novagen.) The suspension was incubated at room temperature for 15 min and centrifuged at 18000g in an Eppendorf microfuge for 2 min. The soluble portion was placed in a thin-walled PCR tube. 200 μL of cracking buffer [Tris-HCl buffer (60 mM, pH 6.8) þ SDS (1%, w/v) þ glycerol (10%, v/v), bromophenol blue (0.1%, w/v) þ DTT (200 mM)] was added to the tube, and the solution was heated to 99°C for 5 min. 10 μL of the heated solution was loaded into a PAGEr precast 15% Tris-glycine gel (Lonza). Purified, wildtype MjCobY protein was loaded as positive control.
Genetic and Recombinant DNA Techniques: Cloning, Mutagenesis, and in Vivo Assessment of CobY Function. Method A: M. jannaschii cobY from plasmid pCobY14 23 was mutated using the QuikChange XL kit (Stratagene) according to the manufacturer's instructions. Method B: Multiple mutant CobY alleles L38K/K41D, L38D/K41D, and I144D/F146D/ Y163R were constructed in single reactions in which the mutagenic primers were combined with the plasmid pCobY14. Primer sequences are shown in Table S2 (Supporting Information). All mutations were verified by DNA sequencing using BigDye protocols (ABI PRISM). Reaction mixtures were resolved by the UW-Madison Biotechnology Center. The pT7-7 29 plasmid carrying the wild-type cobY allele was used as a template for polymerase chain reaction (PCR)-based site directed mutagenesis. The functionality of CobY variant proteins was assessed in vivo using S. enterica strain JE8268 (ΔcobU ΔycfN, Table S1 ), which lacks NTP:adenosylcobinamide-phosphate nucleotidyl transferase activity. 30 Biochemical Techniques: Expression and Purification of MjCobY Variants. MjCobY proteins were overproduced and purified as described. 23 Briefly, wild type and mutant cobY alleles were overexpressed in E. coli strain BL21-CodonPlus (DE3)-RIL after induction with isopropyl-β-D-1-thiogalactoside (IPTG). Cells were lysed by sonication, and recombinant proteins were purified by thermal denaturation (15 min at 75°C), ammonium sulfate precipitation, hydrophobic interaction chromatography, anion exchange chromatography, and size-exclusion chromatography prior to flash freezing into liquid N 2 and storage at À80°C.
30
Expression and Purification of Selenomethionine-MjCobY G153D Protein. A selenomethionine (L-Se-Met) derivative of the MjCobY G153D variant protein was overproduced in M9 medium using metabolic inhibition. 31 A 500 mL starter culture was used to inoculate 15.5 L of M9 minimal medium supplemented with ampicillin (100 μg/mL) and chloramphenicol (20 μg/mL). Cells were grown in a 16 L (working volume) stainless steel bioreactor at 37°C, with agitation (300 rpm), and air flow (5 SLPM). After 16 h of growth, the culture was supplemented with an amino acid cocktail containing L-Se-Met (50 mg/L). 30 min after the addition of L-Se-Met, expression of allele cobY1381 (encodes MjCobY G153D ) was induced by the addition of IPTG to a final concentration of 0.5 mM. The culture was grown for an additional 12 h at 37°C, and cells were harvested by centrifugation and resuspended in 300 mL of HEPES buffer (50 mM, pH 7.5) containing MgCl 2 (10 mM), DTT (5 mM), lysozyme (0.2 mg/mL), and DNase I (0.2 mg/mL). Cells were frozen and stored at À80°C. Subsequent extraction and purification steps were performed as described elsewhere without modifications. 23 Synthesis of AdoCbi and AdoCbi-P. AdoCbi-P, the corrinoid substrate of CobY, is not commercially available and was synthesized from AdoCbi, which was also synthesized in-house. Protocols for the enzymic synthesis and isolation of AdoCbi and AdoCbi-P have been described and were used without modifications. 30, 32 Syntheses and purification steps were performed under red light to minimize cleavage of the CoÀC bond. AdoCbi-P was resolved from contaminants by reverse phase high-performance liquid chromatography (RP-HPLC) using a System Gold HPLC system (Beckman/Coulter) equipped with an Alltima HP C18 AQ 5-μm column (150 by 4.6 mm) (Alltech). The System II mobile phase described by Blanche et al. for the separation of corrinoids was used as described, except that cyanide was omitted. 33 In Vitro Synthesis of AdoCbi-GDP by MjCobY. In vitro conditions for assaying the GTP:AdoCbi-P guanylyltransferase activity of MjCobY were recently described. 23 Briefly, reaction mixtures contained 2-amino-2-hydroxymethylpropane-1,3-diol (Tris-HCl buffer; 50 mM, pH 7.9), GTP (2 mM), NaCl (50 mM), MgCl 2 (10 mM), dithiothreitol (DTT, 10 mM), MjCobY protein (∼2 pmol), and AdoCbi-P (200 μM) in a final volume of 40 μL and were incubated at 37°C. Reaction mixtures were incubated under dim, red light for 15 min, after which corrinoids were converted to their cyano forms by the addition of 3 μL of KCN (100 mM), heating at 80°C for 10 min, and irradiation with a 60 W incandescent light at a distance of 6 cm for 15 min. Cyanocorrinoids were resolved by RP-HPLC (see above). The column was equilibrated with a buffer system of 77% A:23% B (see below). A linear gradient (∼14 min, 1 mL min À1 ) was applied until the composition of the buffer system was 67% A:33% B. The composition of buffers were: buffer A [100 mM potassium phosphate buffer (pH 6.5) þ KCN (10 mM)]; buffer B [100 mM potassium phosphate buffer (pH 8.0) þ 10 mM KCN]:CH 3 CN (1:1). Elution of cyanocorrinoids from the column was monitored at 367 nm with a photodiode array detector. (CN) 2 Cbi was used as a standard to establish the limit of detection of the photodiode array detector; the response was linear between 1 pmol and 3 nmol (r 2 = 0.9984). Assessment of Protein Purity. Protein concentration was determined by the Bradford method 34 using a kit from Bio-Rad Laboratories. To assess protein purity, proteins were first resolved by 15% sodium dodecyl sulfateÀpolyacrylamide gel electrophoresis (SDS-PAGE) 35 and stained with Coomassie brilliant blue. 36 Protein purity was established by densitometry using a Fotodyne imaging system (Foto/Analyst version 5.00 software, Fotodyne, Inc.) for image acquisition, and TotalLab software (version 2005, Nonlinear Dynamics) for analysis. Preclearing Rabbit r-MjCobY Antiserum. 50 mL of lysogeny broth was inoculated with Salmonella enterica strain JE8268 (ΔcobU ΔycfN, Table S1 ) and incubated at 37°C with shaking until the culture reached OD 650 ∼ 1.0. Cells were harvested by centrifugation at 4°C at 10000g for 15 min using a JA-25.50 rotor in an Avanti J-25I Beckman/Coulter refrigerated centrifuge. The cell pellet was resuspended in 1 mL of Tris-HCl buffer (50 mM, pH 7.5) containing 2% (w/v) SDS, boiled for 5 min, and immediately placed on ice. 9 mL of Tris-HCl buffer (50 mM, pH 7.5) was added to the cooled cell suspension. 100 μL of rabbit R-MjCobY antiserum was added, and the cell suspension was incubated at 4°C for 24À36 h. The cell suspension was centrifuged at 10000g for 15 min, and the supernatant (precleared R-MjCobY antiserum) was collected. Precleared R-MjCobY antiserum was stored at 4°C for up to 2 weeks.
Generation of Rabbit Polyclonal Antibodies against the
Western Blot Analysis. After electrophoresis at 125 V for 45 min, proteins were transferred from the SDS-PA gel to poly-(vinylidene fluoride) (PVDF) membrane using the iBlot dry blotting system (Invitrogen) for 7 min at a power level 3 setting. R-MjCobY Western blots were performed using protocols available online (http://www.millipore.com/catalogue/module.do; jsessionid=1857AE2A539F78DCD3F93AE91E50ABD6?id=C3117). These protocols were performed with a 1:100 dilution of precleared rabbit R-MjCobY antibody (total 1:10000 dilution of rabbit serum) as primary antibody and a 1:25000 dilution of goat R-rabbit immunoglobulin G (IgG, heavy and light chains) conjugated to calf intestinal alkaline phosphatase (Pierce) as secondary antibody. Signal was detected using nitro-blue tetrazolium chloride and 5-bromo-4-chloro-3 0 -indolylphosphate p-toluidine salt (NBT-BCIP) as described. 37 An R-MjCobY standard curve was obtained to determine the limit of detection of MjCobY by Western blot analysis; as little as 32 pg of MjCobY was reliably detected when the blot was developed with NBT-BCIP. Alternatively, a 1:250000 dilution of horseradish peroxidase-conjugated donkey R-rabbit antibody (Pierce) was used as secondary antibody. In this case, signal was detected using the SuperSignal West Femto Maximum Sensitivity Substrate (Pierce) according to the manufacturer's instructions on a computer-controlled Typhoon Trio phosphorimager (GE Healthcare) equipped with ImageQuant v.5.2 imaging software (Molecular Dynamics.)
Isothermal Titration Calorimetry (ITC). MjCobY G153D and MjCobY G8D proteins were dialyzed against Tris-HCl buffer, pH 8.0 (50 mM, 4°C), containing NaCl (50 mM), MgCl 2 (10 mM), and tris(2-carboxyethyl)phosphine hydrochloride (4 mM); GTP was dissolved in spent dialysis buffer. ITC experiments were conducted at 27°C and consisted of 27 10 μL injections of a 1 mM stock of ligand into a 1.45 mL sample cell containing an 18 μM solution of MjCobY G153D or MjCobY G8D dimers. Injections were made over a period of 20 s with a 3 min interval between injections. The sample cell was stirred at 307 rpm. Data were acquired on a VP-ITC microcalorimeter (Microcal, Northhampton, MA) and analyzed with the ORIGIN v.7.0383 software provided with the microcalorimeter.
Crystallization, Data Collection, and Structure Determination of the MjCobY G153D Protein. Crystallization conditions were surveyed at 25 and 4°C by vapor diffusion with a 144-condition sparse matrix screen developed in the Rayment laboratory. Crystals of both the native and Se-Met substituted MjCobY G153D protein in complex with GTP were grown by mixing equal volumes of a solution containing 10 mg/mL MjCobY G153D , GTP (2.5 mM), Tris (10 mM, pH 8.0), and NaCl (50 mM) with reservoir solution containing 60% (w/v) 2-methyl-2,4-pentanediol and 2-(N-morpholino)ethanesulfonic acid buffer (100 mM, pH 6.0). The mixture was centrifuged at 16000g for 5 min to remove nuclei. 4 μL of the mixture was suspended over the reservoir solution in Linbro plates at 4°C. The crystallization experiments were nucleated after 24 h with a fine cat whisker from crushed crystals obtained from the earlier crystallization screens. Crystals appeared 24 À36 h after nucleation and continued to grow for an additional 7 days. The crystals were flash frozen in liquid N 2 directly from the crystallization drop. The crystals belong to the space group P3 1 with 4 subunits in the asymmetric unit. X-ray data were collected at the Advanced Photon Source in Argonne, IL, utilizing the Structural Biology Center beamline 19BM. Diffraction data were integrated and scaled with HKL3000. 38 Data collection statistics are summarized in Table 1 . The structure of the Se-Met substituted protein is reported since these crystals diffracted better than the native protein.
Structure Determination and Refinement. The structure of the MjCobY G153D protein was solved by single wavelength SAD phasing (λ peak ). The program SOLVE was used to locate the selenium atoms and to generate initial phases. 39 Solvent flattening and molecular averaging with RESOLVE resulted in an interpretable electron density at 2.8 Å resolution. 40 The final model was generated with alternate cycles of manual model 
where the average intensity I is taken over all symmetry equivalent measurements and I (hkl) is the measured intensity for a given reflection.
c R factor = ∑|F (obs) À F (calc) |/∑|F (obs) |, where R work refers to the R factor for the data utilized in the refinement and R free refers to the R factor for 5% of the data that were excluded from the refinement.
Biochemistry ARTICLE building and least-squares refinement with the programs COOT 41 and Refmac. 42 Refinement statistics are presented in Table 1 .
' RESULTS AND DISCUSSION

MjCobY
G153D Variant Monomer Structure. An extensive mutational analysis of the conserved residues in MjCobY was initiated prior to the structural determination. At that time, efforts to crystallize the wild-type protein were unsuccessful; however, the ongoing mutational analysis led to the identification of the MjCobY G153D variant as a potential target protein because of its low specific activity. For the sake of clarity, the crystal structure of MjCobY G153D is described first, so that the effects of the mutations can be discussed in the context of a threedimensional model.
The structure of the MjCobY G153D variant in complex with GTP has been determined at 2.8 Å resolution. The protein crystallized in the hexagonal space group P3 1 with 4 chains in the asymmetric unit. The electron density is similar for all chains and is well-defined except for a stretch from Asp74-Ile81, which is mostly disordered in all chains. As discussed below, this stretch is almost certainly involved in binding to the corrinoid and most likely undergoes a disorderÀorder transition during the enzymatic cycle. The four chains are very similar. The root-meansquare (rms) differences between subunit A and the three other subunits B, C, and D are 0.50, 0.60, and 0.68 Å, respectively. MjCobY G153D monomer consists of a single globular domain with one GTP molecule bound per subunit (Figure 2) . The protein fold contains six R-helices and nine β-strands. Seven of the β-strands (β1À5, β8, β9) combine to form a large mixed β-sheet, which underlies the entire structural motif. The R-helices lie on the outside convex face of the sheet. This leaves a substantial bowl-shaped depression that is closed off in part by the loops that connect the antiparallel strands. This depression contains the nucleotide at its base and is presumably the binding site for the corrinoid. The R-helices do not make contact with the nucleotide.
A search for structurally related proteins with the DALI server shows that MjCobY is most similar to the N-terminal domain of Mycobacterium tuberculosis GlmU (MtbGlmU), a bifunctional acetyltransferase/uridyltransferase that catalyzes the formation of uridine diphosphateÀN-acetylglucosamine (UDPÀGlcNAc) from glucosamine-1-phosphate (GlcN-1-P), acetyl-coenzyme A (AcCoA), and UTP. 43À45 MjCobY thus belongs to the UDPÀ glucose pyrophosphorylase family of protein structures, which themselves exhibit the nucleotide diphosphate sugar transferase fold. The rms difference between MjCobY and MtbGlmU [RCSB 3DJ4, 44 ] is only 1.84 Å for 144 structurally equivalent amino acids, which is remarkable considering the lack of significant sequence similarity except for the nucleotide-binding motif. Both MjCobY and MtbGlmU exhibit a glycine rich pyrophosphorylase consensus sequence that binds the nucleotide. 46 This lies at the base of the nucleotide-binding site (Figure 3) as described below.
G153D Ligand Binding. As noted above, the structure of the MjCobY G153D variant was determined in the presence of GTP. The nucleotide and its associated binding site are welldefined in all subunits, though the electron density is most clear in subunit D as shown in Figure 4A . The conformation of the nucleotide is essentially the same in all subunits. The residues involved in ligand binding are described in Figure 4B . At 2.8 Å resolution it is inappropriate to discuss the details of the hydrogen bonding, but the residues that are most likely involved in nucleotide binding are readily identifiable based on their proximity to the GTP and structural similarity with MtbGmlU. It is difficult to identify all of the interactions specific to the guanine moiety of the nucleotide given the disordered loop between Asp74-Ile81, which is presumed to abut O6 and N7 of the guanine ring. However, there is apparent shape complementarity throughout the nucleotide-binding site. In particular, the glycine-rich random coil that constitutes the pyrophosphorylase binding motif [MAGGKGTRMGGVEKP 20 ] extends under the entire length of GTP where it interacts with the guanine base, the ribose, and the β-and γ-phosphoryl moieties. The presence of numerous glycine residues allows the amide hydrogens of Lys10, Gly11, and Thr12 to be in a position to putatively interact with the β-and γ-phosphoryl moieties. Charge neutralization appears to be contributed by Arg13, which is in proximity to the Biochemistry ARTICLE γ-phosphate of the GTP. Lys19 also lies in proximity to both the β-and γ-phosphoryl moieties and might form an interaction with the bridging oxygen. If this were the case, it would explain why neither GMP-PNP nor GMP-PCP was observed to bind to CobY. 23 The solvent structure associated with the nucleotide is not well-defined; however, there does not appear to be a metal ion associated with the phosphoryl moieties as observed in the complex of MtbGlmU with diphosphate-N-acetylglucosamine. 44 The lack of a metal ion may be due to the absence of the corrinoid substrate.
Superposition of the MjCobY monomer onto the N-terminal domain of MtbGlmU with UDP-GlcNAc bound in active site shows that the GMP and UMP components lie in a very similar location. The orientation of the β-and γ-phosphoryl moieties of GTP adopt a different orientation compared to the N-acetylglucosamine phosphate, but this is to be expected because GTP is a substrate whereas UDP-GlcNAc is a product. Both enzymes generate pyrophosphate. The GlcNAc-1-P moiety provides insight into the location of the second substrate for MjCobY, whereas the β-and γ-phosphates indicate the orientation of pyrophosphate as it leaves the active site. As can be seen from a surface representation, when MjCobY and MtbGlmU are superimposed, the GlcNAc moiety lies in a large pocket that must constitute the binding site for AdoCbi-P ( Figure 5 ).
Quaternary Structure of MjCobY. The MjCobY G153D variant crystallized with four monomers in the asymmetric unit. Examination of the crystal lattice reveals that there are two plausible dimeric arrangements. These are shown in Figure 6 . Because of the pseudosymmetric packing, all four subunits participate in both types of dimers. Consequently, the crystal packing alone cannot distinguish which dimer is observed in solution. In interface A the active sites are positioned distal from one another with apparent dimer contacts along the loop that connects R1 with β2. Numerous hydrophobic contacts are observed along this interface among residues L37, L38, and K41. In interface B the active sites are positioned inward and β6 from both subunits combine to form an antiparallel β sheet across this interface.
Interfaces A and B bury 525 and 434 Å 2 accessible surface area per subunit, respectively, as calculated with the software Surfrace. 47 These are both at the lower end of stable interfaces. 48 These small interfaces are consistent with the observation of a mixed population of monomers and dimers in solution. 23 As might be expected, based on the small interfaces, structural analysis software such as the EBI PISA server failed to identify a stable molecular dimer.
To experimentally distinguish which interface was the biologically relevant dimer, substitutions were introduced at L38K/D, K41D to probe the A interface and I144D, F146D, and Y163R to probe the B interface (Table 2 ). These substitutions were designed to introduce destabilizing charge repulsions at the putative interfaces. Analysis of the mutant enzymes by gel filtration revealed that mutations along interface A had little effect on the monomer:dimer ratio while mutations along interface B resulted in an enrichment of the monomer pool (77.2% monomer for mutant versus 58.6% WT). This appears to suggest that interface B is the biologically relevant assembly, though the effects are not dramatic, which is consistent with the small interface. Interestingly, the specific activity measurements on the separate pools for the mutant enzymes showed that CobY is active in both the monomeric and dimeric forms. Together, these results suggest that dimerization is not important for function. This conclusion is supported by results of the mutational analysis of conserved residues described below, which also shows no correlation between the monomer:dimer ratio and the specific activity of the variants (Table 3) .
Mutational Analysis of Conserved Residues. Prior to the structural determination, we investigated the functional role of conserved residues observed in 12 orthologues of CobY ( Figure  S1 ). Site-directed mutagenesis was performed on 14 of the residues that are conserved in 12/12 CobY proteins, 3 residues that were conserved in 11/12, and 1 residue that was present in 9/12 in order to identify residues critical to MjCobY function ( Figure 7) . Each of these variants was overproduced and purified where possible to determine the effect of the substitutions on the MjCobY is depicted in a rainbow coloration scheme (Nterminus blue), whereas the uridyltransferase domain is colored in gray. The wide diameter ribbon indicates the consensus pyrophosphorylase motif. The structures are remarkably similar considering the lack of sequence similarity. Indeed, the rms difference between 144 structurally similar R-carbons is only 1.84 Å. The coordinates for MtbGlmU were obtained from the RCSB, accession number 3DJ4. 44 Several surface loops (151À176 and 197À222) were removed from GlmU to emphasize the similarity between these proteins. MjCobY lies at the base of a deep pocket that is assumed to be the binding site for AdoCbi-P. Superposition of the uridyltransferase domain of MtbGlmU (RCSB accession number 3DJ4) shows that N-acetylglucosamine phosphate lies within the pocket and thus defines the location that the phosphoryl moiety of AdoCbi-P must adopt for guanylyl transfer. The cavity that extends away from the R-phosphate appears to have a magnitude that is sufficient to accommodate an adenosylated corrinoid.
Biochemistry ARTICLE activity in vitro and in vivo. The in vitro synthesis of AdoCbi-GDP was measured by RP-HPLC as described previously. 23 Specific activities of each functional variant varied from 56 to 94% of wild-type activity and are reported as pmol min À1 μg protein À1 in Table 3 . The results of complementation tests indicated that all but three of the variants tested retained sufficient activity to support the conversion of AdoCby to AdoCbl, and their remaining activity supported Cbl-dependent growth as efficiently as the wild-type MjCobY protein as indicated by their doubling time (Table 3) . Notably, cells that synthesized MjCobY T56A , MjCobY S100A , or MjCobY T180A grew at half the rate of cells expressing wild-type MjCobY. However, the specific activity of the proteins was similar to that of wild-type MjCobY, suggesting that substitutions at these locations do not compromise the activity of the enzyme but affect AdoCbl synthesis through some other mechanism. Three nonfunctional mutants were identified that had substitutions at locations Gly8, Gly153, or Asn177.
The enzymatic activity of the MjCobY G8D , MjCobY G153D , and MjCobY N177R variants was determined in vitro by assessing the synthesis of AdoCbi-GDP by RP-HPLC. In all cases, the specific activities were dramatically decreased with g95% loss of activity relative to that of the wild-type enzyme. These data explain why the MjCobY G8D , MjCobY G153D , and MjCobY N177R proteins failed to support AdoCbl biosynthesis in vivo but did not shed light on whether the variant proteins were not functional solely because of the reduced enzymatic activity or whether they were also compromised by changes in the protein levels in vivo due to reduced protein stability.
The MjCobY
G8D , MjCobY
G153D
, and MjCobY N177R variants are unstable. Results from Western blot analyses using rabbit Biochemistry ARTICLE polyclonal antibodies against wild-type MjCobY show that the structural stability of these MjCobY variants is also compromised during constitutive expression. Strains JE8335, JE9293, JE9299, JE9306, and JE8269 (ΔcobU ΔycfN strains harboring plasmids encoding wild-type or null cobY alleles or the empty vector control; see Table S1 ) were grown under conditions that demanded GTP:AdoCbi-P guanylyltransferase activity for growth.
These cultures of strains were examined by Western blot analysis that employed polyclonal rabbit antibodies raised against wild-type MjCobY. Detection of MjCobY variant proteins would suggest that the substitution likely affected MjCobY activity, rather than its stability in vivo, while the absence of protein could suggest that the substitution affected its stability against degradation. While both the wild-type protein and the pure-protein Figure 7 . Location of mutations introduced into MjCobY. Conserved residues in 12 orthologues of MjCobY were targeted for mutagenesis. The targeted residues are primarily associated with the active site, where most are in close proximity to the pyrophosphorylase consensus sequence which is involved in nucleotide binding. There is no satisfactory explanation for the conservation of Pro94. Interestingly most of the conserved residues can be changed without loss of function. G153D dimers bound GTP with ∼10-fold higher affinity for the substrate than did the wildtype enzyme (Figure 8 and Table 4 ). As seen in Figure 7 , the introduced G153D substitution is located at the back of the substrate-binding pocket where it interacts indirectly with residues that are in contact with GTP. This substitution serves to increase the number of hydrogen bonding partners in the active site and thus is expected to alter the water structure and the anticipated metal ion binding. It is seems likely this is the reason for the higher GTP affinity. Similarly, inclusion of an additional negative charge in the back of the substrate-binding site would be expected to interfere with corrinoid binding. The corrinoid ring carries numerous hydrophobic and polar groups on its periphery (Figure 1 ). Any modification in the way that these interact with the enzyme is expected to lower the affinity. Results from ITC experiments show that AdoCbi does not bind to the MjCobY G153D / GTP complex (data not shown), which is consistent with this hypothesis.
Effect of the G8D Substitution Is Caused by a Perturbation in Nucleotide Binding. Residue Gly8 lies within a glycine-rich region that is part of the nucleotide-binding site. As described earlier, this residue is a component of the pyrophosphorylase consensus sequence LXXGXGTXMXXXXPK where Gly8 is underlined. In MjCobY the sequence of the pyrophosphorylase loop is MAGGKGTRMGGVEKP, where the order of the terminal proline and lysine are interchanged, but the penultimate lysine in the MjCobY motif still is able to interact with the β-phosphoryl moiety as does the terminal lysine in the canonical motif. Gly8 lies against the purine ring of the guanine, and as such, there is no space for a side chain. Replacement of Gly8 with any other amino acid is predicted to prevent binding of GTP and destabilize the interactions of the consensus motif with its neighboring residues. This prediction is consistent with the ITC measurements that show that the CobY G8D variant protein does not bind GTP (data not shown) and the observed instability of the protein.
Why Does the N177R Substitution Destabilize the Protein? The structure of the MjCobY G153D variant shows that Asn177 lies at the base of the substrate-binding pocket in close proximity to the bound GTP (Figure 7) . The amide side chain of Asn177 is involved in several close, potential hydrogenbonding interactions with Asn179, Tyr139, and an ordered water molecule. These interactions would be lost on replacement of Asn177 with an arginine. Introduction of the three methylene groups associated with the arginine side chain would eliminate the ability of Asn179 and Tyr139 to fulfill their hydrogen-bonding potential and thus would be very destabilizing. Interestingly, Asp153 in the crystal structure (MjCobY G153D ) lies close to Asn177. This suggests that the integrity of this region is critical for both enzyme stability and activity. Figure 8 . MjCobY G153D binds GTP. Twenty-seven injections of 1 mM GTP were added to 18 μM MjCobY G153D dimers in the ITC cell. The area under each injection peak (top panel) equals the total heat released for that injection. The heat of dilution of GTP into buffer was subtracted. A binding isotherm for the interaction between MjCobY G153D and GTP was obtained from the integrated heat (bottom panel). Shown is the enthalpy per mole of GTP injected as a function of the molar ratio of MjCobY G153D dimers to GTP. The best-fit values for stoichiometry (N), binding constant (K b ), enthalpy (ΔH), and entropy (ΔS) are shown in the inset, and a comparison to previously published data for the wildtype enzyme is presented in Table 4 . 
CONCLUSIONS
The structure of the archaeal MjCobY G153D variant protein provides valuable insights into the oligomeric structure of the wild-type enzyme, the placement of GTP in the active site, and the architecture of the active site. Although we know that the Ado moiety of AdoCbi-P is critical for binding, 23 we can only speculate its location in the active site. We suggest that AdoCbi-P binds to the active site in an orientation that places the phosphoryl moiety close to residue G153. If that were the case, binding of AdoCbi-P to the active site of MjCobY G153D would be prevented by strong repulsions between Asp and the P i moiety of AdoCbi-P. This idea is supported by results of ITC studies that attempted to quantify the interactions between the MjCobY G153D /GTP complex and AdoCbi-P. Under the conditions used, AdoCbi-P did not bind to MjCobY G153D /GTP. The model also revealed that the MjCobY G153D variant crystallized as a dimer and that two putative dimerization interfaces exist, both of which are small. Experimental evidence favors a dimerization arrangement in which the active sites are proximal. The existence of small dimerization interfaces explains why homogeneous MjCobY WT is comprised of a population of dimers and monomers.
MjCobY contains a pyrophosphorylase-binding motif common to the nucleotide diphosphate sugar transferase superfamily. The fold seen in MjCobY is most similar to the one found in the uridyltransferase domain of the Mycobacterium tuberculosis GlmU protein. The structure shows that the pyrophosphorylase motif of MjCobY is involved in GTP binding. The structural similarities between MjCobY and MtbGlmU will prove valuable to future mechanistic studies of MjCobY function.
We suggest caution on the interpretation of the apparent absence of any effects of substitutions of many of the conserved residues on MjCobY function, especially because MjCobY function was assessed using a heterologous bacterial system (i.e., S. enterica) that employs a vastly different enzyme to convert AdoCbi-P to AdoCbi-GDP. Although there is insufficient information to propose a mechanism of catalysis for MjCobY, at this point there is no evidence to suggest that the MjCobY reaction proceeds via an enzyme bound GMP intermediate as with the bacterial enzyme. 10 However, on the basis of the structural and mutational analyses of MjCobY, we conclude that residues G8 and G153 are important to the binding of GTP and the corrinoid substrate, respectively.
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